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The nonlocal van der Waals (NL-vdW) functionals [Dion et al., Phys. Rev. Lett. 92, 246401
(2004)] are being applied more and more frequently in solid-state physics, since they have shown to
be much more reliable than the traditional semilocal functionals for systems where weak interactions
play a major role. However, a certain number of NL-vdW functionals have been proposed during the
last few years, such that it is not always clear which one should be used. In this work, an assessment
of NL-vdW functionals is presented. Our test set consists of weakly bound solids, namely rare gases,
layered systems like graphite, and molecular solids, but also strongly bound solids in order to provide
a more general conclusion about the accuracy of NL-vdW functionals for extended systems. We
found that among the tested functionals, rev-vdW-DF2 [Hamada, Phys. Rev. B 89, 121103(R)
(2014)] is very accurate for weakly bound solids, but also quite reliable for strongly bound solids.
I. INTRODUCTION
The pioneering works of Langreth, Lundqvist, and co-
workers on nonlocal van der Waals functionals1–6 (ab-
breviated as NL-vdW) have contributed significantly in
making density functional theory7,8 (DFT) much more
accurate for extended systems where the weak vdW inter-
actions are important. Before the advent of the NL-vdW
functionals and atom-pairwise methods9–11 (see Refs. 12
and 13 for reviews), the DFT calculations with periodic
boundary conditions were done mostly with the local
density approximation (LDA)8 or generalized gradient
approximation (GGA).14 However, since the physics of
the London dispersion forces is included neither in LDA
and GGA nor in meta-GGA (MGGA) and hybrid func-
tionals, all these methods are in general quite unreliable
for the calculation of the length and binding energy of
noncovalent bonds.
Thus, the NL-vdW methods, the focus of this work,
are becoming increasingly popular, and particularly in
the solid-state community15 thanks to the availability
of computationally fast implementations.16–20 However,
since there is still no full confidence in the accuracy of
the results when using a NL-vdW functional (the so-
called chemical accuracy of 1 kcal/mol can sometimes
be reached, but not systematically, see e.g. Refs. 21 and
22), new ones are constantly being proposed and cur-
rently more than twenty exist (see, e.g., Refs. 23–26).
Consequently, as in the case of semilocal (i.e., GGA and
MGGA) and hybrid functionals, there is a rather large
freedom in the choice of the NL-vdW functional and it
may not be always clear which one to choose.
In our previous work,27 a plethora of functionals of the
first four rungs of DFT Jacob’s ladder28 were tested on a
set consisting of strongly bound and weakly bound solids.
Functionals including a term of the atom-pairwise type
to account for the vdW interactions, DFT+D3 (Ref. 11)
and DFT+D3(BJ) (Ref. 29), were also considered. Here,
we extend this comparison by considering NL-vdW func-
tionals, not considered in Ref. 27, and the main goal is
to provide a useful summary of their performance for the
geometry and binding energy of periodic solids.
Additionally, results for the binding energy of
molecules will also be shown in order to provide a hint
on the performance of the tested functionals on finite
systems.
The paper is organized as follows. Section II gives de-
tails about the methods. Then, the results are presented
and discussed in Sec. III and summarized in Sec. IV.
II. METHODS
In NL-vdW methods,2 the exchange-correlation (xc)
functional is given by
Exc = E
SL/hybrid
xc + E
NL
c,disp, (1)
where the first term is of the semilocal (SL) or hybrid30,31
type and the second term reads
ENLc,disp =
1
2
∫ ∫
ρ(r1)Φ (r1, r2) ρ(r2)d
3r1d
3r2. (2)
Thanks to its form, the additional correlation term given
by Eq. (2) is able to account for long-range interactions
in the system; the specificity of ENLc,disp is to contribute to
the binding energy between two systems A and B even
when there is no density overlap [i.e., ρA(r)ρB(r) = 0 ∀r],
while in such a case the contribution from E
SL/hybrid
xc is
strictly zero (if we neglect the change in the shape of ρA
and ρB when the system A−B is formed). The kernel Φ in
Eq. (2) depends on the electron density ρ, its derivative
∇ρ, and the interelectronic distance |r1 − r2|. To our
knowledge, five different analytical forms for Φ have been
proposed to date,2,32–35 while numerous reoptimizations
of the parameters in Φ have been reported.24,26,36–39
The choice of the semilocal or hybrid functional
E
SL/hybrid
xc in Eq. (1) is also of crucial importance, since
2this is of course the total xc-functional which has to be
accurate. In particular, an important requirement is that
E
SL/hybrid
xc alone should not already lead to an overbind-
ing, otherwise adding ENLc,disp can only make the results
worse. Thus, the combination E
SL/hybrid
xc +ENLc,disp has to
be well-balanced in order to provide accurate geometry
and binding energy.23,25,36,40
Among the NL-vdW functionals that are available in
the literature, a certain number of them were selected
for the present work. However, we did not consider NL-
vdW functionals based on hybrid functionals,37,38,41,42
since they lead to calculations that are much more ex-
pensive, especially for solids. They are therefore less in-
teresting from a practical point of view as long as the
electronic structure is of no particular interest. Thus,
only semilocal-based NL-vdW functionals are considered
and now listed.
vdW-DF from Dion et al. (DRSLL),2 the first pro-
posed NL-vdW functional that can be applied to sys-
tems with arbitrary geometry, consists of the GGA ex-
change revPBE43 (a reoptimization of PBE14) and LDA
correlation44,45 for the semilocal part. The nonlocal
term, Eq. (2), of the vdW-DF functional (DRSLL ker-
nel Φ) has subsequently been used in combination with
other semilocal components, and among them, those that
are considered in the present work are the following four.
C09-vdW from Cooper,46 which uses a GGA (C09x) for
exchange and LDA for correlation. optB88-vdW and
optB86b-vdW, which are two of the functionals devel-
oped by Klimesˇ et al.,21,23 and use for the semilocal com-
ponent, the GGAs optB88 and optB86b for exchange and
LDA for correlation. Note that optB88 and optB86b are
reoptimizations of B8847 and B86b,48 respectively. vdW-
DF-cx from Berland and Hyldgaard,25 which consists of
a GGA exchange component, LV-PW86r, that is com-
bined with LDA correlation and was constructed to be
more consistent with the DRSLL kernel.
vdW-DF2 from Lee et al. (LMKLL)36 uses the GGA
exchange PW86R36 (a reoptimization of PW8649) and
LDA for correlation, while the kernel Φ (called LMKLL)
in ENLc,disp has the same analytical form as the origi-
nal DRSLL kernel, but with a reoptimized parameter
Zab (Zab = −0.8491 in DRSLL and Zab = −1.887 in
LMKLL). Hamada40 proposed a revised vdW-DF2 (rev-
vdW-DF2) which combines the GGA B86R for exchange
(another reoptimization of B86b48) and LDA correlation
with the LMKLL kernel.
Based on a kernel Φ that has a different analyti-
cal form, rVV1034 consists of PW86R (exchange) and
PBE (correlation) for the semilocal component. Note
that the rVV10 kernel is based on the VV10 kernel
of Vydrov and Van Voorhis33 and was made suitable
for the method of Roma´n-Pe´rez and Soler16 (RPS)
to calculate Eq. (2). Also tested are SCAN+rVV10
and PBE+rVV10L from Peng et al.,26,39 where the
MGGA SCAN50 and GGA PBE14 are supplemented
by the NL-vdW term rVV10, but with reoptimizations
of the parameter b (b = 6.3, 15.7, and 10 in rVV10,
SCAN+rVV10, and PBE+rVV10L, respectively). Note
that the rVV10 kernel contains another parameter, C,
whose original value (0.0093) was kept in SCAN+rVV10
and PBE+rVV10L.
Finally, the PBEsol+rVV10s functional proposed very
recently by Terentjev et al.35 will also be considered.
PBEsol+rVV10s uses the PBEsol GGA functional51 for
ESLxc and a modified rVV10 kernel (rVV10s), where
b = 10 (as in PBE+rVV10L) and C is replaced
by a function of the reduced density gradient s =
|∇ρ| /
(
2
(
3π2
)1/3
ρ4/3
)
:
C(s) = C0 +
C1
1 + C2
(
s− 12
)2 , (3)
where C0 = 0.0093, C1 = 0.5, and C2 = 300.
For the sake of comparison, results obtained with LDA,
the GGAs PBE and PBEsol, the MGGAs SCAN and
TM,52 as well as two atom-pairwise DFT+D3(BJ) meth-
ods [PBE-D3(BJ) and revPBE-D3(BJ)29 including the
three-body non-additive dispersion term11] will also be
shown. SCAN and TM are modern functionals which
have been shown to be overall more accurate than GGA
functionals.27,53–60
The NL-vdW functionals considered here do not con-
stitute an exhaustive list (a few other non-hybrids can be
found in Refs. 23, 24, 61, and 62), however they should
represent most trends in the results that may be obtained
with this group of functionals.
Figure 1 shows the enhancement factor of the semilo-
cal component of the GGA-based NL-vdW functionals,
which is defined as the ratio between a GGA xc-energy
density ǫGGAxc and the LDA exchange-only ǫ
LDA
x :
Fxc(rs(r), s(r)) =
ǫGGAxc (r)
ǫLDAx (r)
. (4)
The functions Fxc are plotted as functions of s for a value
of rs = 2 bohr where rs = (3/ (4πρ))
1/3
is the Wigner-
Seitz radius. This comparison of the enhancement factors
will be useful later when discussing the trends in the re-
sults, in particular for strongly bound systems where the
dispersion term does not play a major role.
All six variants of the nonlocal dispersion term [Eq. (2)]
considered in this work are compared in Fig. (2) which
shows the contribution ENLc,disp(atom) − E
NL
c,disp(solid) to
the cohesive energy Ecoh of solid Ar (positive values cor-
respond to binding). Since ENLc,disp represents mainly the
dispersion, which is attractive, the curves in Fig. (2) are
positive (stronger bonding) and have a negative slope
(which favors shorter bond lengths). It can be seen that
the magnitude varies dramatically among the different
expressions for Eq. (2). The original DRSLL kernel Φ,
that is used in five of the functionals, leads to a con-
tribution to Ecoh that is the largest and one order of
magnitude larger than with the two rVV10-type kernels
used in PBEsol+rVV10s and SCAN+rVV10. Since the
curve with the steepest slope is also obtained with the
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FIG. 1. GGA Enhancement factor Fxc of the semilocal com-
ponent of the NL-vdW functionals plotted as a function of s
for rs = 2 bohr. LDA is also shown.
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FIG. 2. Contribution to the cohesive energy of Ar coming
from the NL dispersion term plotted as a function of the
lattice constant. This is shown for all six different kernels
considered in this work.
DRSLL kernel, then the effect on the bond length should
also be the largest when using this kernel. We mention
that the ordering of the curves observed for Ar should
remain the same for all or at least most other systems.
The calculations on periodic solids were done with
the WIEN2k code,63 which is a full-potential and all-
electron code based on the linearized augmented plane-
wave method.64,65 The implementation of the NL-vdW
functionals into WIEN2k has been reported recently20
and uses the RPS method16 to evaluate efficiently
the NL dispersion energy [Eq. (2)] and the potential
vNLc,disp = δE
NL
c,disp/δρ entering into the Kohn-Sham equa-
tions. Since the RPS method is based on fast Fourier
transforms, it is necessary to smooth the all-electron den-
sity ρ around the nuclei, otherwise a plane-wave expan-
sion of ρ in the whole unit cell would be practically im-
possible. The smooth density that is used for the RPS
method is given by
ρs(r) =
{
ρ(r), ρ(r) 6 ρc
ρ(r)+Aρc(ρ(r)−ρc)
1+A(ρ(r)−ρc)
, ρ(r) > ρc
, (5)
where A = 1 bohr3 and ρc is the density cutoff that
determines the degree of smoothness applied to ρ. As
discussed in detail in Ref. 20, ρc has to be chosen low
enough so that the plane-wave expansion of ρs is small
enough to avoid too expensive fast Fourier transforms.
On the other hand, ρc should also not be too low, other-
wise some accuracy with respect to the calculation with
the original density ρ may be lost.
We mention that the WIEN2k calculations with the
DRSLL and LMKLL kernels presented in this work (but
not those in our previous work20) were obtained with
the version of these kernels generalized for spin-polarized
systems,66 which is relevant for the calculations of the co-
hesive energy67 (most atoms are spin-polarized) and for
bulk Ni which is ferromagnetic. In such spin-polarized
cases, Eq. (5) is first applied to the total density ρ =
ρ↑+ρ↓, then the smooth spin-σ densities ρs,σ are obtained
by multiplying ρσ by ρs/ρ: ρs,σ = ρσρs/ρ. The calcula-
tions with the functionals of the rVV10-family were done
with the non-spin-polarized version of the kernel, since
apparently no spin-polarized version has been proposed
or used (in particular, the implementation of the rVV10
kernel in the Quantum ESPRESSO34,68 code is non-
spin polarized).
The usual parameters, like the size of the basis set or
the number of k-points for the integrations in the Bril-
louin zone, were chosen such that the results are well
converged. As in our previous works,27,57,69 the results
for the strongly bound solids were obtained non-self-
consistently using the PBE orbitals and density, however
the self-consistent effects are in general quite small, be-
low 0.005 A˚ in most cases (the optB88-vdW results from
the present work can be compared to those obtained self-
consistently in Ref. 20). The calculations on the weakly
bound solids were done self-consistently, except those ob-
tained with MGGA functionals (SCAN, SCAN+rVV10,
4TABLE I. The test set of 44 strongly and 17 weakly bound
solids. The space group is indicated in parenthesis.
Strongly bound solids
C (Fd3m), Si (Fd3m), Ge (Fd3m), Sn (Fd3m),
SiC (F43m), BN (F43m), BP (F43m), AlN (F43m),
AlP (F43m), AlAs (F43m), GaN (F43m), GaP(F43m),
GaAs (F43m), InP (F43m), InAs (F43m), InSb (F43m),
LiH (Fm3m), LiF (Fm3m), LiCl (Fm3m), NaF (Fm3m),
NaCl (Fm3m), MgO (Fm3m), Li (Im3m), Na (Im3m),
Al (Fm3m), K (Im3m), Ca (Fm3m), Rb (Im3m),
Sr (Fm3m), Cs (Im3m), Ba (Im3m), V (Im3m),
Ni (Fm3m), Cu (Fm3m), Nb (Im3m), Mo (Im3m),
Rh (Fm3m), Pd (Fm3m), Ag (Fm3m), Ta (Im3m),
W (Im3m), Ir (Fm3m), Pt (Fm3m), Au (Fm3m)
Weakly bound solids
Rare gases: Ne (Fm3m), Ar (Fm3m), Kr (Fm3m),
Xe (Fm3m)
Layered solids: graphite (P63/mmc), h-BN (P63/mmc),
TiS2 (P3m1), TiSe2 (P3m1), MoS2 (P63/mmc),
MoSe2 (P63/mmc), MoTe2 (P63/mmc),
HfTe2 (P3m1), WS2 (P63/mmc), WSe2 (P63/mmc)
Molecular solids: NH3 (P213), CO2 (Pa3),
C6H12N4 (I43m)
and TM) that were done non-self-consistently using the
PBE orbitals and density since the potential of MGGA
functionals is not implemented in WIEN2k.
The list of solids composing our test set can be found
in Table I along with their space group. This set con-
sists of 44 solids with (relatively) strong bonding of the
metallic, ionic, or covalent type, and 17 solids with weak
noncovalent bonding. The strongly bound, rare-gas, and
molecular solids have a cubic cell, while the structure of
the layered solids are based on the stacking of hexago-
nal layers. The reference values for the lattice constants
and binding energies, to which the DFT values will be
compared in Sec. III, were obtained either from experi-
ment or from accurate ab initio methods. Most of these
values, except those for the lattice constant of the molec-
ular solids, are corrected for the thermal and zero-point
vibrational effects, such that a direct comparison with
our DFT values is possible.
As already mentioned, results for the atomization en-
ergy of molecules will also be shown. Our test set is the
AE6 set of six molecules (SiH4, SiO, S2, C3H4, C2H2O2,
C4H8), which were selected to give a fair idea of the accu-
racy of quantum chemistry methods.70 Most of the cal-
culations were obtained with the Gaussian augmented
plane-wave method as implemented in the CP2K code,71
which allows calculations with NL-vdW functionals.72
However, since not all functionals are available in CP2K,
calculations were also done with the VASP73 (based
on the projector augmented wave method74) and de-
Mon (using Gaussian basis functions) codes.75 We men-
tion that the spin-polarized versions of the DRSLL and
LMKLL kernels are not available in the CP2K and
VASP codes, therefore the calculations were done with
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FIG. 3. Relative error (in %) in the calculated lattice con-
stant (left panel) and cohesive energy (right panel) for the 44
strongly bound solids shown for selected functionals.
the spin-unpolarized form of the kernels. However, the
results were then approximately corrected by adding the
spin correction (the difference between the spin- and non-
spin-polarized versions of ENLc,disp) calculated with the
WIEN2k code. Furthermore, since many of our results
obtained with NL-vdW functionals for the AE6 test set
strongly disagree with those presented in Ref. 76, the
VASP results were also used to cross-check the CP2K
results (alternatively, WIEN2k could have been used for
this purpose).
To finish, we mention that Libxc, a library of
exchange-correlation functionals,77,78 has been used for
some of the calculations done with the CP2K and
WIEN2k codes.
III. RESULTS AND DISCUSSION
A. Strongly bound solids
The results for the equilibrium lattice constant a0, bulk
modulus B0, and cohesive energy Ecoh of strongly bound
solids obtained with the tested xc-functionals are shown
in Table II. ME, MAE, MRE, and MARE represent the
mean values of the error, absolute error, relative error,
5TABLE II. The ME, MAE, MRE, MARE, and MAXRE with respect to the experimental values (corrected for thermal and
zero-point vibrational effects79,80) on the testing set of 44 strongly bound solids for the lattice constant a0, bulk modulus B0,
and cohesive energy Ecoh. The units of the ME and MAE are A˚, GPa, and eV/atom for a0, B0, and Ecoh, respectively, and
% for the MRE, MARE, and MAXRE. The solid for which the MAXRE occurs is indicated in parenthesis. All results were
obtained non-self-consistently using PBE orbitals/density. The functionals are separated into two groups, those which contain
a dispersion term (NL or atom-pairwise), and those which do not. Within each group, the functionals are ordered by increasing
value of the MARE of a0.
a0 B0 Ecoh
Method ME MAE MRE MARE MAXRE ME MAE MRE MARE MAXRE ME MAE MRE MARE MAXRE
Without dispersion
TM −0.006 0.023 −0.2 0.5 -1.8 (Na) 2.4 6.6 2.1 6.2 25.2 (Cu) 0.24 0.27 6.4 7.0 26.8 (Cu)
SCAN 0.018 0.030 0.3 0.6 3.8 (Cs) 3.5 7.4 −0.4 6.5 -22.0 (Rb) −0.02 0.19 −0.7 4.9 -16.6 (Cs)
PBEsol −0.005 0.030 −0.1 0.6 -2.3 (Sr) 0.7 7.8 −1.4 7.0 19.5 (Ni) 0.29 0.31 6.1 6.9 22.8 (Ni)
PBE 0.056 0.061 1.1 1.2 2.8 (Sn) −11.2 12.2 −9.8 11.0 -25.5 (Ge) −0.13 0.19 −3.9 5.0 -21.0 (Au)
LDA −0.071 0.071 −1.5 1.5 -4.9 (Ba) 10.1 11.5 8.1 9.4 32.8 (Ni) 0.77 0.77 17.2 17.2 38.7 (Ni)
With dispersion
SCAN+rVV10 0.004 0.022 0.0 0.5 2.5 (Cs) 6.0 8.4 1.8 6.6 22.9 (Cu) 0.11 0.22 2.9 5.4 17.6 (Cu)
PBEsol+rVV10s −0.019 0.034 −0.4 0.7 -3.0 (Ba) 3.2 8.1 0.9 6.3 22.8 (Ni) 0.45 0.45 10.5 10.6 27.7 (Ni)
C09-vdW −0.009 0.037 −0.2 0.8 -3.2 (Ba) 0.1 7.7 −0.9 6.5 18.2 (V) 0.27 0.28 5.4 6.7 20.2 (Ni)
vdW-DF-cx 0.015 0.041 0.3 0.9 -2.5 (Ba) −2.3 8.4 −4.2 8.0 -18.9 (NaF) 0.14 0.19 2.5 4.8 16.8 (Ir)
PBE-D3(BJ) −0.002 0.042 −0.1 0.9 -3.1 (Li) −3.1 7.5 −2.1 7.4 -22.6 (Ge) 0.20 0.21 4.8 5.2 15.7 (Ni)
optB86b-vdW 0.015 0.046 0.3 0.9 -2.2 (Sr) −5.5 8.2 −4.6 7.0 -21.5 (Ge) 0.09 0.16 1.4 4.0 13.6 (Ir)
PBE+rVV10L 0.029 0.045 0.6 0.9 2.1 (Sn) −6.9 8.9 −5.9 7.8 -21.6 (Ge) 0.10 0.17 2.4 4.1 13.1 (Ni)
rev-vdW-DF2 0.020 0.047 0.4 0.9 -2.1 (Sr) −6.8 9.0 −5.7 7.8 -23.6 (Ge) 0.02 0.14 −0.9 4.0 -12.3 (Rb)
revPBE-D3(BJ) −0.011 0.043 −0.4 1.0 -4.8 (Li) −0.4 8.5 −1.4 8.6 -23.2 (Ge) 0.18 0.21 4.2 5.2 18.7 (Cu)
optB88-vdW 0.026 0.062 0.6 1.3 -2.8 (Cs) −10.3 11.5 −6.8 9.2 -26.3 (Ge) −0.04 0.13 −2.0 3.8 -13.4 (Na)
rVV10 0.042 0.083 1.0 1.7 3.4 (Au) −13.4 14.5 −7.5 10.7 -29.8 (Ge) 0.04 0.13 1.1 3.2 10.4 (Ba)
vdW-DF 0.105 0.106 2.2 2.2 4.6 (Au) −23.0 23.2 −16.6 17.1 -43.0 (Au) −0.51 0.51 −12.8 12.8 -32.4 (Au)
vdW-DF2 0.117 0.140 2.5 3.0 6.9 (Au) −29.4 29.5 −18.2 20.4 -51.7 (Au) −0.59 0.59 −15.6 15.6 -35.4 (Sr)
and absolute relative error with respect to experiment,
respectively, while MAXRE is the maximum relative er-
ror. The experimental values were corrected for thermal
and zero-point vibrational effects.79,80 For a few selected
functionals, Figs. 3 and 4 show graphically the errors. All
detailed results are available in Tables S1-S9 and shown
graphically in Figs. S1-S18 of Ref. 81.
For the lattice constant, the NL-vdW MGGA
SCAN+rVV10 and MGGA TM lead to the lowest MAE
(0.02 A˚) and MARE (0.5%). Without the nonlocal dis-
persion term, the MAE and MARE with SCAN only
slightly increases to 0.03 A˚ and 0.6%, which are the same
values obtained with the GGA PBEsol. Note that other
accurate GGA functionals like SG482 or WC83 also lead
to errors in this range (see Ref. 27). Interestingly, the ME
and MRE for SCAN+rVV10 are basically zero, which
means that this functional does not show a particular
tendency towards underestimation or overestimation of
a0. Most of the other modern functionals lead to values
that are in the range 0.04-0.05 A˚ for the MAE and 0.8-
1.0% for the MARE. The results obtained with the recent
PBEsol+rVV10s can be considered as very accurate and
are overall only slightly deteriorated with respect to those
obtained with the GGA PBEsol without dispersion cor-
rection. As already known from previous studies (see,
e.g., Refs. 23 and 84), the first two original NL-vdW
functionals vdW-DF and vdW-DF2 lead to very large
overestimations, similarly as the worst GGAs for solids
like BLYP47,85 do.27 This is due to the strong magni-
tude of the enhancement factors Fxc of the corresponding
semilocal components (see Fig. 1) which favor too much
inhomogeneities in ρ, and therefore too large equilibrium
volumes, in the case of solids. rVV10 also shows a clear
overestimation of the lattice constant which is nearly as
large as with PBE. From Fig. 1, we can see that the fac-
tor Fxc is slightly larger in the case of rVV10 than PBE,
however the additional nonlocal term in rVV10 reduces
the overestimation in a0.
As expected, the accuracy for the bulk modulus B0
follows a trend that is rather similar as for the lattice
constant; if a functional is among the most accurate for
a0, then the same conclusion holds also for B0.
The results for the cohesive energy Ecoh show that the
lowest MAE (0.13 eV/atom) and MARE (3.2%) are ob-
tained with the NL-vdW functional rVV10. Remark-
ably, these mean errors are smaller than all those ob-
tained with the 62 functionals tested in Ref. 27. How-
ever, the price to pay is to have errors for the lattice con-
stant that are quite large, since the MAE and MARE are
more than three times larger than with SCAN+rVV10.
Actually, this is a problem that is often encountered
with GGAs: a functional that is among the most ac-
curate ones for property A will most likely not be very
accurate for another property B that is quite different
from property A (see also Sec. III C). Also very accurate
are optB88-vdW and rev-vdW-DF2 with MAE of 0.13-
0.14 eV/atom and MARE in the range 3.8-4.0%. The re-
sults obtained with SCAN+rVV10 (the best one for a0)
are relatively fair, but a certain number of other function-
als perform better. We also note the extremely bad per-
formance (strong overestimation) of PBEsol+rVV10s for
Ecoh with MAE and MARE of 0.45 eV/atom and 10.6%,
respectively, which makes this functional the fourth worst
after LDA, vdW-DF2, and vdW-DF. Actually, as ex-
pected and already shown in Ref. 35 PBEsol+rVV10s
significantly worsens the cohesive energy with respect to
PBEsol, while it was only slightly the case for the lattice
constant.
By considering the results in Table II as a whole,
an accurate or satisfying description of the three prop-
erties seems to be achieved by the following function-
als: SCAN, SCAN+rVV10, vdW-DF-cx, PBE-D3(BJ),
optB86b-vdW, PBE+rVV10L, and rev-vdW-DF2,
Figures 3 and 4 show the results for the lattice con-
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FIG. 4. Same as Fig. 3, but with the difference that for each
functional the solids have been ordered such that the relative
error goes in the direction of the positive values from bottom
to top.
stant and cohesive energy for some of the most recent NL-
vdW functionals as well as the MGGAs SCAN and TM.
A few interesting observations are the following. The
underestimation (overestimation) by PBEsol+rVV10s of
the lattice constant (cohesive energy) is particularly pro-
nounced for the alkali and alkaline earth metals. For
some of the transition metals, namely Ni, Cu, Rh,
Pd, and Ir, PBEsol+rVV10s and TM clearly overes-
timate Ecoh. Interestingly, for the lattice constant,
PBE+rVV10L and rev-vdW-DF2 lead to very similar re-
sults except for the heavy alkali and alkaline earth met-
als. We note that in general, the difference between the
SCAN and SCAN+rVV10 results is quite small, which
can be inferred from Fig. 1, where we already observed
that the NL-vdW term of SCAN+rVV10 has the small-
est magnitude. Finally, we mention that SCAN+rVV10
does not perform well for Cs (strong overestimation of
a0), but leads to rather consistent results for the semi-
conductors and the transition metals.
B. Weakly bound solids
1. Rare-gas solids
Turning to weakly bound systems, Table III shows the
results for the rare-gas solids Ne, Ar, Kr, and Xe which
crystallize in the face-centered cubic structure and have
been used in many previous works27,35,39,57,62,72,76,87–95
for testing functionals since they represent the prototyp-
ical van der Waals systems bound by dispersion forces.
As criteria to decide what is an (unacceptably) large er-
ror with respect to the very accurate CCSD(T) (coupled
cluster with singlet, doublet, and perturbative triplet)
values,86 we chose 5% and 30% for the relative error on
the lattice constant and cohesive energy, respectively.
The results show that only one method, the NL-vdW
functional rev-vdW-DF2, leads to no such large errors
as defined by our criteria (see also Ref. 76). The largest
error is 3% for a0 (Ne and Kr) and 19% for Ecoh (Ne).
Another functional which also performs rather well and
shows only one large error is the atom-pairwise PBE-
D3(BJ), which leads to an overestimation of 42% for
Ecoh of Ne, but below 5% for the others. The other
atom-pairwise functional, revPBE-D3(BJ), leads to very
accurate cohesive energy for the four rare gases, but is
overall one of the most inaccurate methods for the lattice
constant. Somehow satisfying overall, PBEsol+rVV10s
leads to errors in the range 35-40% for the cohesive en-
ergy of Ar, Kr, and Xe, but only 10% for Ne.
All other functionals lead to at least one very large
error above 50% for Ecoh, including SCAN+rVV10 that
performs very badly for Ne for both a0 and Ecoh, as al-
ready noticed in Ref. 39. Thus, except rev-vdW-DF2,
PBE-D3(BJ), and PBEsol+rVV10s, none of the other
functionals can be considered as satisfying for rare-gas
solids. However, note that other non-hybrid DFT+D3 or
DFT+D3(BJ) methods, e.g. PBEsol-D3(BJ)96 or BLYP-
D3,11 can also be reliable for the rare gases, as shown in
our previous work.27 We can also see that the most ac-
curate methods for a0, optB88-vdW and optB86b-vdW,
which lead to errors not larger than ∼ 1% are extremely
inaccurate for Ecoh in all cases.
2. Layered solids
The hexagonal layered solids constitute an-
other set of prototypical systems bound by
weak interactions that is often used for assessing
functionals.24–27,35,39,40,55,62,87,88,90,94,97–106 These sys-
tems consist of hexagonal layers that are bound by weak
interactions, while the atoms within a layer are strongly
bound. The results for the intralayer and interlayer
lattice constants a0 and c0 as well as the interlayer
binding energy Eb are shown in Table IV and compared
to results obtained from experiment for a0 and c0 or the
random-phase approximation (RPA) for Eb.
97
For selected functionals, the results are also compared
7TABLE III. Equilibrium lattice constant a0 (in A˚) and cohesive energy Ecoh (in meV/atom) of rare-gas solids calculated from
various functionals and compared to reference CCSD(T) results.86 The units of the MRE and MARE are %. The results
were obtained from self-consistent calculations, except those for SCAN, SCAN+rVV10, and TM that were obtained using the
PBE orbitals/density. The functionals are separated into two groups, those which contain a dispersion term (NL or atom-
pairwise), and those which do not. Within each group, the functionals are ordered by increasing MARE. The errors (indicated
in parenthesis) larger than 5% for a0 and 30% for Ecoh are underlined.
Method Ne Ar Kr Xe ME MAE MRE MARE
a0
Without dispersion
TM 4.05 (-6) 5.23 (0) 5.60 (0) 6.15 (1) -0.05 0.08 -1.2 1.8
SCAN 4.03 (-6) 5.31 (1) 5.74 (2) 6.33 (4) 0.04 0.18 0.3 3.4
LDA 3.86 (-10) 4.94 (-6) 5.33 (-5) 5.85 (-4) -0.31 0.31 -6.2 6.2
PBEsol 4.70 (9) 5.88 (12) 6.13 (10) 6.48 (6) 0.49 0.49 9.3 9.3
PBE 4.60 (7) 5.96 (13) 6.42 (15) 7.03 (16) 0.69 0.69 12.7 12.7
With dispersion
optB88-vdW 4.26 (-1) 5.23 (0) 5.63 (1) 6.15 (1) 0.01 0.04 0.1 0.7
optB86b-vdW 4.35 (1) 5.32 (1) 5.68 (1) 6.18 (2) 0.07 0.07 1.4 1.4
rVV10 4.21 (-2) 5.16 (-2) 5.52 (-1) 6.01 (-1) -0.08 0.08 -1.6 1.6
PBEsol+rVV10s 4.41 (3) 5.38 (2) 5.67 (1) 6.08 (0) 0.08 0.08 1.6 1.6
C09-vdW 4.55 (6) 5.34 (2) 5.63 (1) 6.07 (0) 0.09 0.10 2.0 2.1
vdW-DF2 4.17 (-3) 5.28 (1) 5.74 (2) 6.31 (4) 0.07 0.13 1.0 2.4
rev-vdW-DF2 4.42 (3) 5.37 (2) 5.74 (3) 6.22 (2) 0.13 0.13 2.5 2.5
SCAN+rVV10 3.97 (-8) 5.17 (-1) 5.56 (-1) 6.12 (1) -0.10 0.12 -2.3 2.6
PBE+rVV10L 4.37 (2) 5.48 (4) 5.86 (5) 6.33 (4) 0.20 0.20 3.6 3.6
PBE-D3(BJ) 4.46 (4) 5.49 (5) 5.85 (5) 6.31 (4) 0.22 0.22 4.1 4.1
vdW-DF 4.34 (1) 5.50 (5) 5.95 (6) 6.54 (7) 0.28 0.28 4.9 4.9
vdW-DF-cx 4.40 (2) 5.59 (7) 6.05 (8) 6.53 (7) 0.34 0.34 6.1 6.1
revPBE-D3(BJ) 4.80 (12) 5.67 (8) 5.96 (7) 6.37 (5) 0.39 0.39 7.8 7.8
Referencea 4.30 5.25 5.60 6.09
Ecoh
Without dispersion
TM 47 (80) 62 (-30) 82 (-33) 95 (-44) -30 41 -6.7 46.6
SCAN 54 (107) 61 (-30) 72 (-41) 74 (-56) -36 50 -5.2 58.7
PBE 19 (-26) 23 (-73) 27 (-78) 29 (-83) -77 77 -64.9 64.9
PBEsol 12 (-54) 17 (-81) 23 (-81) 32 (-81) -81 81 -74.4 74.4
LDA 87 (234) 138 (57) 169 (39) 202 (19) 48 48 87.2 87.2
With dispersion
revPBE-D3(BJ) 25 (-2) 82 (-7) 126 (3) 192 (13) 5 8 1.7 6.5
rev-vdW-DF2 31 (19) 82 (-7) 111 (-9) 148 (-13) -9 11 -2.4 12.0
PBE-D3(BJ) 37 (42) 86 (-2) 117 (-4) 162 (-5) -1 6 7.6 13.1
PBEsol+rVV10s 29 (10) 57 (-35) 75 (-39) 111 (-35) -34 35 -24.7 29.8
PBE+rVV10L 45 (72) 79 (-10) 102 (-17) 130 (-24) -13 22 5.4 30.7
rVV10 42 (60) 113 (28) 162 (33) 226 (33) 34 34 38.4 38.4
C09-vdW 51 (98) 118 (34) 156 (28) 212 (25) 33 33 46.1 46.1
vdW-DF2 58 (122) 124 (41) 154 (27) 190 (11) 30 30 50.0 50.0
optB88-vdW 50 (93) 138 (57) 180 (47) 234 (37) 49 49 58.7 58.7
SCAN+rVV10 79 (204) 111 (26) 137 (12) 159 (-7) 20 26 58.9 62.3
optB86b-vdW 61 (134) 137 (56) 174 (42) 224 (32) 47 47 65.9 65.9
vdW-DF-cx 79 (205) 137 (56) 160 (31) 191 (12) 40 40 76.0 76.0
vdW-DF 92 (253) 156 (77) 181 (49) 212 (25) 59 59 100.9 100.9
Referencea 26 88 122 170
a The set of CCSD(T) results from Ref. 86 that include the two-, three-, and four-body contributions, but not the effect due to the
zero-point vibration.
graphically in Fig. 5. We mention that in the calculation
on the monolayer to get Eb, the intralayer lattice constant
a was also optimized (results not shown). However, we
observed that in the vast majority of cases choosing either
a = amonolayer0 or a = a
bulk
0 for the monolayer has a very
small influence, a few tenths of meV/A˚2, on Eb.
The trends observed among the functionals for a0 are,
as expected, similar to those for the strongly bound solids
discussed above. In brief, the largest underestimations
(up to a few percents) are due to LDA, revPBE-D3(BJ),
PBEsol+rVV10s, and C09-vdW, while vdW-DF2 leads
to very large overestimations (up to 6%). vdW-DF and
8TABLE IV. Equilibrium lattice constants (intralayer a0 and interlayer c0, in A˚) and interlayer binding energy [Eb, in meV/A˚
2,
i.e., meV per surface area A = a20 cos(pi/6) in the bulk] of layered solids. The units of the MRE and MARE are %. The reference
results are from experiment for a0 and c0 (with zero-point vibration effect removed) and from RPA calculations for Eb (see
Ref. 97). The results were obtained from self-consistent calculations, except those for SCAN, SCAN+rVV10, and TM that
were obtained using the PBE orbitals/density. The functionals are separated into two groups, those which contain a dispersion
term (NL or atom-pairwise), and those which do not. Within each group, the functionals are ordered by increasing MARE.
The errors (indicated in parenthesis) larger than 1% for a0, 3% for c0, and 30% for Eb are underlined.
Method Graphite h-BN TiS2 TiSe2 MoS2 MoSe2 MoTe2 HfTe2 WS2 WSe2 ME MAE MRE MARE
a0
Without dispersion
SCAN 2.45 (0) 2.50 (0) 3.42 (0) 3.54 (0) 3.18 (1) 3.30 (0) 3.53 (0) 3.97 (0) 3.17 (1) 3.30 (1) 0.01 0.01 0.2 0.4
TM 2.46 (0) 2.51 (0) 3.38 (-1) 3.50 (-1) 3.15 (0) 3.27 (-1) 3.49 (-1) 3.90 (-1) 3.15 (0) 3.27 (0) -0.02 0.02 -0.5 0.6
PBE 2.47 (1) 2.51 (0) 3.42 (0) 3.54 (0) 3.19 (1) 3.32 (1) 3.56 (1) 3.98 (1) 3.19 (1) 3.32 (1) 0.02 0.02 0.7 0.7
PBEsol 2.46 (0) 2.50 (0) 3.35 (-2) 3.48 (-2) 3.14 (-1) 3.27 (-1) 3.50 (-1) 3.88 (-2) 3.15 (0) 3.27 (0) -0.03 0.03 -0.8 0.8
LDA 2.45 (0) 2.49 (-1) 3.31 (-3) 3.43 (-3) 3.12 (-1) 3.25 (-1) 3.47 (-1) 3.82 (-3) 3.13 (-1) 3.25 (-1) -0.06 0.06 -1.6 1.6
With dispersion
SCAN+rVV10 2.45 (0) 2.50 (0) 3.41 (0) 3.54 (0) 3.17 (0) 3.29 (0) 3.52 (0) 3.95 (0) 3.16 (0) 3.29 (0) 0.00 0.01 0.0 0.2
PBE+rVV10L 2.46 (0) 2.51 (0) 3.39 (-1) 3.52 (0) 3.17 (0) 3.30 (0) 3.53 (0) 3.94 (0) 3.17 (1) 3.30 (1) 0.00 0.01 0.1 0.4
optB86b-vdW 2.46 (0) 2.51 (0) 3.38 (-1) 3.52 (0) 3.17 (0) 3.30 (0) 3.53 (0) 3.94 (0) 3.17 (1) 3.30 (1) 0.00 0.01 0.0 0.4
rev-vdW-DF2 2.46 (0) 2.51 (0) 3.39 (-1) 3.52 (0) 3.17 (0) 3.31 (1) 3.54 (1) 3.95 (0) 3.17 (1) 3.30 (1) 0.00 0.01 0.2 0.4
vdW-DF-cx 2.46 (0) 2.51 (0) 3.36 (-1) 3.49 (-1) 3.15 (0) 3.28 (0) 3.51 (0) 3.90 (-1) 3.15 (0) 3.28 (0) -0.02 0.02 -0.5 0.5
PBE-D3(BJ) 2.46 (0) 2.51 (0) 3.36 (-1) 3.49 (-1) 3.16 (0) 3.28 (0) 3.50 (-1) 3.90 (-1) 3.19 (1) 3.29 (0) -0.01 0.02 -0.3 0.7
optB88-vdW 2.46 (0) 2.51 (0) 3.41 (0) 3.55 (0) 3.19 (1) 3.32 (1) 3.58 (2) 3.99 (1) 3.19 (1) 3.32 (1) 0.02 0.02 0.7 0.7
C09-vdW 2.46 (0) 2.51 (0) 3.35 (-2) 3.48 (-2) 3.14 (-1) 3.27 (-1) 3.49 (-1) 3.88 (-2) 3.15 (0) 3.27 (0) -0.03 0.03 -0.8 0.8
revPBE-D3(BJ) 2.47 (1) 2.51 (0) 3.34 (-2) 3.46 (-2) 3.13 (-1) 3.25 (-1) 3.47 (-1) 3.85 (-3) 3.14 (0) 3.26 (-1) -0.04 0.04 -1.1 1.2
PBEsol+rVV10s 2.46 (0) 2.50 (0) 3.33 (-2) 3.46 (-2) 3.13 (-1) 3.25 (-1) 3.47 (-1) 3.83 (-3) 3.13 (-1) 3.26 (-1) -0.05 0.05 -1.3 1.3
rVV10 2.47 (1) 2.52 (0) 3.44 (1) 3.58 (1) 3.22 (2) 3.36 (2) 3.60 (2) 4.02 (2) 3.22 (2) 3.36 (2) 0.05 0.05 1.6 1.6
vdW-DF 2.48 (1) 2.52 (0) 3.48 (2) 3.62 (2) 3.24 (2) 3.38 (3) 3.64 (3) 4.08 (3) 3.24 (3) 3.38 (3) 0.08 0.08 2.3 2.3
vdW-DF2 2.48 (1) 2.52 (0) 3.52 (3) 3.68 (4) 3.29 (4) 3.45 (5) 3.72 (6) 4.16 (5) 3.29 (4) 3.44 (5) 0.13 0.13 3.8 3.8
Reference 2.46 2.51 3.41 3.54 3.16 3.29 3.52 3.96 3.15 3.28
c0
Without dispersion
TM 6.63 (0) 6.51 (-2) 5.76 (1) 6.12 (2) 12.5 (2) 13.2 (2) 14.2 (2) 6.75 (2) 12.6 (2) 13.2 (2) 0.2 0.2 1.4 1.7
LDA 6.63 (0) 6.49 (-2) 5.45 (-4) 5.80 (-3) 12.1 (-2) 12.8 (-1) 13.8 (-1) 6.50 (-2) 12.2 (-1) 12.8 (-1) -0.2 0.2 -1.8 1.8
PBEsol 7.26 (9) 7.06 (6) 5.65 (-1) 5.92 (-1) 12.6 (3) 13.1 (2) 14.0 (0) 6.60 (-1) 12.7 (3) 13.2 (2) 0.2 0.2 2.3 2.9
SCAN 6.95 (5) 6.82 (3) 5.93 (4) 6.32 (5) 12.9 (5) 13.6 (5) 14.7 (5) 6.97 (5) 12.9 (5) 13.6 (5) 0.5 0.5 4.8 4.8
PBE 8.84 (33) 8.69 (31) 6.61 (16) 6.70 (12) 14.8 (21) 15.1 (17) 15.3 (10) 7.21 (9) 14.9 (21) 15.2 (18) 1.7 1.7 18.7 18.7
With dispersion
rev-vdW-DF2 6.64 (0) 6.57 (-1) 5.68 (0) 6.00 (0) 12.4 (1) 13.1 (1) 14.1 (1) 6.71 (1) 12.4 (1) 13.2 (2) 0.1 0.1 0.6 0.9
optB86b-vdW 6.63 (0) 6.53 (-2) 5.69 (0) 6.00 (0) 12.4 (1) 13.1 (1) 14.1 (1) 6.70 (1) 12.5 (1) 13.2 (2) 0.1 0.1 0.5 0.9
vdW-DF-cx 6.56 (-1) 6.45 (-3) 5.61 (-2) 5.93 (-1) 12.3 (0) 12.9 (0) 13.9 (0) 6.60 (-1) 12.4 (1) 13.0 (1) -0.0 0.1 -0.6 0.9
PBEsol+rVV10s 6.70 (1) 6.60 (-1) 5.54 (-3) 5.87 (-2) 12.2 (-1) 12.9 (0) 13.8 (-1) 6.57 (-1) 12.3 (0) 13.0 (0) -0.1 0.1 -0.7 0.9
rVV10 6.71 (1) 6.62 (0) 5.70 (0) 6.05 (1) 12.4 (1) 13.1 (2) 14.2 (2) 6.75 (2) 12.5 (1) 13.2 (2) 0.1 0.1 1.1 1.1
C09-vdW 6.46 (-3) 6.35 (-4) 5.55 (-3) 5.89 (-2) 12.2 (-1) 12.8 (0) 13.9 (-1) 6.57 (-1) 12.2 (0) 12.9 (0) -0.1 0.1 -1.5 1.5
PBE-D3(BJ) 6.79 (2) 6.68 (1) 5.56 (-2) 5.59 (-7) 12.2 (-1) 12.8 (0) 13.8 (-1) 6.58 (-1) 12.2 (0) 12.9 (0) -0.1 0.1 -1.0 1.6
optB88-vdW 6.69 (1) 6.60 (-1) 5.75 (1) 6.14 (2) 12.5 (2) 13.2 (2) 14.3 (2) 6.80 (2) 12.6 (2) 13.3 (2) 0.2 0.2 1.7 1.8
SCAN+rVV10 6.68 (1) 6.59 (-1) 5.75 (1) 6.22 (4) 12.5 (1) 13.2 (2) 14.3 (2) 6.82 (3) 12.6 (2) 13.2 (2) 0.2 0.2 1.8 1.9
PBE+rVV10L 6.98 (5) 6.88 (4) 5.78 (1) 6.04 (1) 12.6 (2) 13.2 (2) 14.1 (1) 6.71 (1) 12.7 (3) 13.2 (2) 0.2 0.2 2.3 2.3
revPBE-D3(BJ) 6.45 (-3) 6.34 (-4) 5.40 (-5) 5.76 (-4) 11.8 (-4) 12.5 (-3) 13.5 (-3) 6.50 (-2) 11.8 (-4) 12.5 (-3) -0.3 0.3 -3.6 3.6
vdW-DF2 7.06 (6) 6.99 (5) 5.96 (5) 6.36 (6) 12.9 (5) 13.7 (6) 14.9 (7) 7.07 (6) 13.0 (5) 13.7 (6) 0.6 0.6 5.8 5.8
vdW-DF 7.19 (8) 7.12 (7) 6.11 (7) 6.50 (8) 13.2 (7) 13.9 (7) 15.0 (8) 7.18 (8) 13.2 (7) 13.9 (8) 0.7 0.7 7.7 7.7
Reference 6.63 6.63 5.70 6.00 12.28 12.91 13.96 6.64 12.31 12.95
Eb
Without dispersion
LDA 10 (-48) 10 (-30) 20 (7) 21 (24) 13 (-35) 14 (-29) 15 (-26) 19 (3) 13 (-37) 13 (-32) -4 5 -20.4 27.4
TM 11 (-38) 12 (-19) 13 (-31) 14 (-19) 10 (-50) 11 (-42) 13 (-36) 13 (-28) 10 (-50) 11 (-44) -7 7 -35.7 35.7
SCAN 7 (-59) 8 (-45) 6 (-68) 6 (-64) 6 (-73) 5 (-72) 7 (-65) 7 (-60) 6 (-72) 5 (-73) -12 12 -65.2 65.2
PBEsol 2 (-92) 2 (-86) 7 (-62) 10 (-44) 3 (-84) 5 (-75) 8 (-62) 10 (-45) 3 (-86) 4 (-77) -13 13 -71.4 71.4
PBE 1 (-97) 1 (-96) 1 (-93) 2 (-90) 1 (-97) 1 (-97) 1 (-94) 2 (-90) 1 (-97) 1 (-97) -18 18 -94.8 94.8
With dispersion
SCAN+rVV10 20 (7) 19 (34) 18 (-3) 18 (3) 20 (-3) 19 (-1) 21 (2) 19 (0) 21 (4) 20 (-1) 1 1 4.3 5.8
PBE+rVV10L 15 (-19) 14 (-4) 19 (2) 20 (18) 19 (-6) 20 (2) 22 (4) 20 (6) 19 (-5) 20 (1) -0 1 -0.1 6.7
vdW-DF2 20 (8) 19 (29) 19 (1) 18 (2) 19 (-6) 18 (-9) 16 (-21) 15 (-19) 19 (-5) 18 (-10) -1 2 -3.0 10.9
vdW-DF 20 (12) 19 (35) 19 (0) 18 (2) 19 (-7) 18 (-10) 16 (-21) 15 (-18) 19 (-5) 18 (-11) -1 2 -2.3 12.0
PBEsol+rVV10s 12 (-32) 12 (-20) 20 (7) 21 (21) 17 (-15) 17 (-11) 21 (3) 22 (19) 17 (-14) 17 (-12) -1 3 -5.4 15.3
rev-vdW-DF2 23 (23) 21 (47) 25 (30) 24 (40) 23 (14) 22 (15) 23 (9) 22 (16) 23 (14) 22 (12) 4 4 22.0 22.0
PBE-D3(BJ) 17 (-9) 16 (9) 27 (45) 30 (72) 24 (17) 26 (34) 30 (44) 27 (46) 26 (28) 28 (38) 6 7 32.5 34.2
vdW-DF-cx 25 (36) 24 (67) 27 (43) 27 (59) 25 (21) 25 (26) 26 (25) 25 (35) 24 (21) 24 (23) 6 6 35.6 35.6
optB88-vdW 27 (47) 26 (80) 27 (45) 26 (52) 26 (28) 25 (29) 24 (16) 23 (23) 26 (29) 25 (27) 7 7 37.5 37.5
optB86b-vdW 27 (47) 26 (80) 28 (48) 28 (60) 26 (29) 26 (31) 26 (24) 25 (33) 26 (30) 26 (28) 7 7 41.0 41.0
rVV10 26 (44) 25 (72) 28 (48) 29 (65) 29 (42) 29 (50) 29 (40) 26 (40) 29 (44) 29 (48) 9 9 49.2 49.2
C09-vdW 29 (59) 28 (96) 32 (72) 33 (88) 30 (44) 29 (49) 30 (44) 30 (59) 29 (44) 29 (45) 11 11 59.9 59.9
revPBE-D3(BJ) 26 (41) 25 (71) 48 (153) 51 (196) 45 (118) 49 (152) 55 (163) 46 (147) 50 (147) 53 (167) 26 26 135.5 135.5
Reference 18.3 14.4 18.8 17.3 20.5 19.6 20.8 18.6 20.2 19.9
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stants [in (a) and (b), respectively] and binding energy [(c)]
shown for selected functionals.
rVV10 also show a clear tendency towards overestimation
of a0 (see also Ref. 24). All other functionals perform
clearly better and, as shown in Fig. 5, the most accu-
rate one is SCAN+rVV10 which leads to errors below
0.01 A˚ (below 0.5%) for all systems. For the interlayer
lattice constant c0, the functionals, beside PBE which
barely binds the layers, that can be identified as more
inaccurate than the others are vdW-DF, vdW-DF2, and
SCAN, which clearly overestimate c0, as well as revPBE-
D3(BJ) which does the opposite. For these functionals,
the error is at least 4% for a certain number of solids.
The other functionals lead to errors which are at most
3% for all or most solids.
Thus, overall vdW-DF, vdW-DF2, and revPBE-
D3(BJ) perform very poorly for both a0 and c0. rVV10
is also among the inaccurate methods for a0, but per-
forms quite well for c0. As well-known, LDA system-
atically underestimates the lattice constant, but does it
moderately for c0 since the errors are quite small. Most
other dispersion-corrected functionals can be considered
as satisfying for both lattice constants. Note that in
the work of Bjo¨rkman,97 optB86b-vdW, vdW-DF-cx, and
rev-vdW-DF2 were already shown to be accurate for the
lattice constants.
As observed above for the rare-gas solids, the rela-
tive errors for the interlayer binding energy Eb are much
larger than for the lattice constants. By considering 30%
of relative error as the largest acceptable value for Eb,
the results in Table IV show that the functionals which
have a reasonable accuracy for all solids except possi-
bly one are SCAN+rVV10, PBE+rVV10L, vdW-DF2,
vdW-DF, and PBEsol+rVV10s. rev-vdW-DF2 can also
be considered as accurate since for only two solids (h-BN
and TiSe2) the relative error is above 30%. Note that the
parameter b = 10 in the PBE+rVV10L kernel was tuned
in order to reproduce at best the RPA results for Eb,
therefore its good performance is hardly surprising. The
worst functionals are PBE and revPBE-D3(BJ); PBE
gives nearly no binding, while revPBE-D3(BJ) overes-
timates Eb by more than 100% in most cases. Such huge
overestimations obtained with revPBE-D3(BJ) have al-
ready been observed in the case of adsorption of benzene
on transition-metal surfaces.107 Other very inaccurate
functionals are PBEsol, SCAN, C09-vdW, and rVV10
as already shown in Refs. 97 and 101 for the latter two.
By considering all results for the layered solids, the
best functionals are PBE+rVV10L, SCAN+rVV10, and
rev-vdW-DF2 since they belong to the accurate meth-
ods for a0, c0, and Eb at the same time. The results
with optB88-vdW and vdW-DF-cx can also be consid-
ered as fair. Note the curious performances of vdW-DF
and vdW-DF2: very accurate for the interlayer binding
energy, but the worst for both lattice constants.101 For
these two functionals, the large contribution of the NL-
vdW term to Eb (see Fig. 2) leads to an appropriate
binding energy, but the corresponding slope is not steep
enough to shorten the lattice constant sufficiently.
We also mention that among a dozen of dispersion-
corrected functionals of various families, Tawfik et al.105
concluded that SCAN+rVV10 is overall the most accu-
rate one for a set of twelve layered solids (quite similar to
our test set). However, PBE+rVV10L and rev-vdW-DF2
were not considered in their work.
Since results on the layered solids were already avail-
able in the literature for many of the functionals, it
may be interesting to compare some of them with
ours. Peng et al.26,39 reported results for rev-vdW-DF2,
PBE+rVV10L, and SCAN+rVV10 that were obtained
with VASP. For a0, their results are in good agree-
ment with ours since they differ by at most 0.01 A˚.
The agreement for c0 is relatively good for rev-vdW-DF2
and PBE+rVV10L since the difference is typically be-
10
low 0.05 A˚. A difference of 0.05 A˚ should be considered
as acceptable for such large lattice constants determined
by weak interactions. However, with SCAN+rVV10 the
disagreement for c0 is larger (in the range 0.1-0.2 A˚),
which should be due to self-consistent effects (see dis-
cussion in Ref. 27). Our calculations involving MGGA
functionals were done using PBE(+rVV10) for the po-
tential, while those from VASP calculations were proba-
bly done self-consistently. The agreement for Eb is good
for the three functionals since the discrepancies are be-
low 1 meV/A˚2 in all cases. Considering now the results
from Bjo¨rkman97 for six functionals (e.g., rev-vdW-DF2
or optB88-vdW) obtained with VASP, the results are
also in fair agreement with ours for the lattice constants.
However, sizable discrepancies are observed for Eb, since
his results are consistently smaller by 2-3 meV/A˚2 com-
pared to our results which agree quite well with those
from Peng et al.26,39 and Berland and Hyldgaard.25
3. Molecular solids
Table V shows the results for the equilibrium lat-
tice constant a0 and lattice energy Elatt of the molec-
ular solids NH3 (ammonia), CO2 (carbon dioxide), and
C6H12N4 (hexamethylenetetramine). Elatt is defined as
the difference between the total energy (per molecule) of
the crystal and the total energy of one isolated molecule.
These three systems, which have a cubic cell, are mem-
bers of the X23 test set108 of molecular solids which is
an improvement of the C21 test set.112 The C21 and X23
sets have been used in a certain number of studies for
testing functionals.22,95,108,112–126 From our results, we
can see that most dispersion-corrected functionals ex-
cept vdW-DF lead to reasonably small errors for the
equilibrium lattice constant a0. Compared to the other
dispersion-corrected functionals, SCAN+rVV10 has a
more pronounced tendency to underestimate a0 (−3%
for NH3 and −2% CO2), while SCAN (and TM) without
NL-vdW correction was already pretty good and com-
pete with the best dispersion-corrected functionals. We
can see that also PBEsol+rVV10s leads to a large under-
estimation (−4%) for NH3. However, we note that the
experimental values for a0 are not corrected for the zero-
point vibration effect, which, as mentioned in Ref. 108,
may increase the lattice constant by 1%. Thus, a slight
understimation in a0 should be expected.
For the lattice energy Elatt, the most accurate func-
tionals are rev-vdW-DF2 and revPBE-D3(BJ), which
lead to errors below 10% for the three systems. How-
ever, vdW-DF-cx and vdW-DF2 are also rather accurate,
while the most inaccurate functionals are optB88-vdW
(see also Ref. 22), PBEsol+rVV10, and optB86b-vdW
that show errors above 20% for all three molecular solids.
Note that, curiously, PBEsol+rVV10 leads to an overes-
timation for NH3, but to an underestimation for CO2
and C6H12N4.
For this test set of molecular solids, the functional that
is overall the most accurate is rev-vdW-DF2. Actually,
rev-vdW-DF2 is the most accurate for the lattice con-
stant and the lattice energy. However, in order to be
fair, in particular since our test consists of only three
systems, we should also mention that other functionals,
like revPBE-D3(BJ), vdW-DF-cx, or vdW-DF2 seem to
be pretty accurate overall. The plain MGGAs SCAN
and TM lead to large errors only for the lattice energy of
C6H12N4.
Concerning other dispersion-corrected DFT methods,
a recent collection of results from the literature for the
full X23 test set can be found in Loboda et al.22 Methods
which should be of similar accuracy as the best NL-vdW
functionals are for instance B86bPBE+XDM9,112,127 and
PBE+MBD,10,121,128,129 which are both atom-pairwise
methods with density-dependent dispersion coefficients.
C. Molecules
All results presented so far were obtained for periodic
solids, the focus of the present work. However, as addi-
tional information we now provide a snapshot of the ac-
curacy of the functionals for finite systems by considering
the atomization energy of molecules. Table VI shows the
results obtained for the AE6 test set of six molecules.70
A well know problem at the GGA level of approxima-
tion is the difficulty (and actually the quasi-impossibility)
to get with the same functional very accurate results for
the lattice constants and cohesive energies of strongly
bound solids and atomization energies of molecules. In
fact, even targeting only two of these three properties
seems unachievable, and the results in Refs. 51, 130–
133 illustrate this problem for the lattice constant of
solids and atomization energy of molecules. For this it
is necessary to use functionals from higher rungs of Ja-
cob’s ladder, MGGAs or hybrids, to get accurate results
for both properties simultaneously.50,52,79,131,134 As seen
in Table VI, the dispersion-corrected GGA functionals
have the same problems as the GGA, which is expected
since adding a dispersion term to a functional should
in principle have a rather limited effect on the results
for strongly bound systems (in particular if a disper-
sion term of small magnitude like some of those of the
rVV10-type is used, see Fig. 2). Indeed, the five most
accurate GGA-based functionals for the atomization en-
ergy (MAE below 0.5 eV), namely vdW-DF2, vdW-DF,
revPBE-D3(BJ), rVV10, and optB88-vdW are also the
worst for the lattice constant a0 (see Table II). The re-
verse is also true: some of the most accurate NL-vdW
GGAs for a0, e.g., C09-vdW or PBEsol+rVV10s lead to
the worst results for the AE6 atomization energy with
a MAE that is several times larger than for vdW-DF
and vdW-DF2. However, note that vdW-DF-cx is rather
well-balanced since it is reasonably accurate for both the
lattice constant and the molecular atomization energy.
As mentioned, a dispersion term in the functional
should be of relatively small importance for covalently
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TABLE V. Equilibrium lattice constant a0 (in A˚) and lattice energy Elatt (in eV/molecule) of molecular solids calculated from
various functionals and compared to experimental results. The results were obtained from self-consistent calculations, except
those for SCAN, SCAN+rVV10, and TM that were obtained using the PBE orbitals/density. The functionals are separated
into two groups, those which contain a dispersion term (NL or atom-pairwise), and those which do not. Within each group,
the functionals are ordered by increasing MARE of Elatt. The errors (indicated in parenthesis) larger than 3% for a0 and 15%
for Elatt are underlined.
NH3 CO2 C6H12N4
Method a0 Elatt a0 Elatt a0 Elatt
Without dispersion
TM 4.98 (-1) 0.39 (1) 5.49 (-1) 0.25 (-15) 6.86 (-1) 0.68 (-24)
SCAN 4.98 (-1) 0.38 (-3) 5.53 (-1) 0.27 (-8) 6.99 (1) 0.55 (-38)
LDA 4.73 (-6) 0.67 (73) 5.28 (-5) 0.36 (22) 6.72 (-3) 0.90 (1)
PBEsol 4.96 (-2) 0.37 (-4) 5.82 (5) 0.11 (-63) 7.09 (3) 0.32 (-64)
PBE 5.17 (2) 0.29 (-25) 6.07 (9) 0.10 (-66) 7.43 (8) 0.24 (-74)
With dispersion
rev-vdW-DF2 5.01 (-1) 0.41 (6) 5.61 (1) 0.27 (-9) 6.92 (0) 0.91 (2)
revPBE-D3(BJ) 5.06 (0) 0.38 (-2) 5.87 (6) 0.27 (-8) 6.96 (1) 0.82 (-8)
vdW-DF-cx 5.07 (0) 0.41 (7) 5.85 (5) 0.32 (10) 7.01 (1) 1.02 (14)
vdW-DF2 5.15 (2) 0.41 (7) 5.61 (1) 0.34 (16) 7.02 (2) 0.97 (9)
SCAN+rVV10 4.89 (-3) 0.44 (15) 5.44 (-2) 0.35 (19) 6.84 (-1) 0.89 (0)
PBE-D3(BJ) 5.02 (-1) 0.43 (13) 5.74 (3) 0.26 (-12) 6.99 (1) 0.81 (-10)
vdW-DF 5.28 (5) 0.38 (0) 5.81 (4) 0.37 (25) 7.16 (4) 1.02 (15)
PBE+rVV10L 5.07 (0) 0.40 (4) 5.74 (3) 0.23 (-23) 7.03 (2) 0.76 (-15)
rVV10 4.96 (-2) 0.47 (23) 5.50 (-1) 0.32 (9) 6.86 (-1) 1.14 (28)
C09-vdW 4.91 (-3) 0.47 (23) 5.53 (-1) 0.33 (13) 6.83 (-1) 1.18 (32)
optB86b-vdW 4.98 (-1) 0.46 (20) 5.58 (0) 0.35 (20) 6.91 (0) 1.17 (31)
PBEsol+rVV10s 4.87 (-4) 0.47 (21) 5.59 (1) 0.20 (-33) 6.89 (0) 0.70 (-22)
optB88-vdW 4.98 (-1) 0.47 (21) 5.53 (-1) 0.37 (26) 6.90 (0) 1.21 (35)
Reference 5.05a (T = 2 K) 0.39a 5.56b (T ∼ 5 K) 0.29a 6.91c (T = 34 K) 0.89a
a Reference 108. The values for Elatt are corrected for the thermal and zero-point effects.
b Reference 109.
c References 110 and 111.
bound systems. Thus, as for the strongly bound solids
(Sec. III A) some of the trends in the results correlate well
with the GGA enhancement factors Fxc shown in Fig. 1.
The factors Fxc with the largest magnitude (vdW-DF and
vdW-DF2) lead to the best results, while a reduction of
the magnitude of Fxc leads to more and more overbind-
ing, like PBEsol(+rVV10s) and ultimately LDA.
Thus, a GGA-based functional can not be among the
best methods for more than one of the three properties,
which are the lattice constant and cohesive energy of
solids and the atomization energy of molecules. MGGA
functionals can alleviate this problem as exemplified by
SCAN(+rVV10), which belongs (more or less) to the
most accurate functionals for all three properties. As
shown in Table VI, SCAN and SCAN+rVV10 (but also
TM) lead to MAE below 0.2 eV and were competing
with the best GGA functionals for strongly bound solids
(the only clear exceptions are the GGAs optB88-vdW
and rVV10 which are better for Ecoh, see Sec. III A).
We mention that results for the AE6 molecules ob-
tained with several NL-vdW functionals were already
available.76 Table S10 of Ref. 81 compares our results
obtained with two codes (CP2K and VASP) with those
from Ref. 76 obtained with VASP. (To make the com-
parison possible, our vdW-DF2, optB88-vdW, and rev-
vdW-DF2 results in Table S10 were obtained using the
non-spin-polarized version of the DRSLL and LMKLL
kernels.) The agreement between our two sets of results
is in general very good, which gives us confidence about
the reliability of our results. However, the agreement
with the values from Ref. 76 is good only in the case
of PBE and rev-vdW-DF2 (except for C4H8 with the
latter functional). In the case of vdW-DF2 and optB88-
vdW extremely large discrepancies are systematically ob-
tained, the worst being for SiH4 with vdW-DF2 (8.9 eV
from Ref. 76 and 14.2 eV in the present work with both
codes).
IV. DISCUSSION AND CONCLUSION
A dozen of dispersion-corrected functionals have been
tested on periodic solids and the goal was to identify
which of them are the most appropriate for solids. In par-
ticular, the question is if there is a dispersion-corrected
functional that is reasonably accurate for all types of sys-
tems that have been considered in the present work. The
test set consisted of strongly and weakly bound solids,
and for the latter group three classes were considered:
rare gases, layered solids, and molecular solids. Addition-
12
TABLE VI. Atomization energy (in eV) for the molecules of the AE6 test set. The units of the MRE and MARE are %. The
reference results are from experiment.70 The functionals are separated into two groups, those which contain a dispersion term
(NL or atom-pairwise), and those which do not. Within each group, the functionals are ordered by increasing MARE. The
errors (indicated in parenthesis) larger than 5% are underlined.
Method SiH4 SiO S2 C3H4 C2H2O2 C4H8 ME MAE MRE MARE
Without dispersion
SCANa 14.03 (0) 8.02 (-4) 4.73 (7) 30.48 (0) 27.30 (-1) 49.93 (0) -0.01 0.17 0.5 2.0
TMb 13.76 (-2) 8.14 (-2) 4.84 (10) 30.47 (0) 27.69 (1) 49.82 (0) 0.02 0.20 1.1 2.5
PBEc 13.58 (-3) 8.50 (2) 4.98 (13) 31.27 (2) 28.84 (5) 50.64 (2) 0.54 0.67 3.5 4.5
PBEsolc 14.03 (0) 8.90 (7) 5.36 (22) 32.51 (6) 30.27 (10) 52.85 (6) 1.56 1.56 8.6 8.6
LDAc 15.04 (8) 9.70 (16) 5.86 (33) 34.79 (14) 32.75 (19) 56.60 (14) 3.36 3.36 17.3 17.3
With dispersion
vdW-DF2c 13.94 (0) 8.19 (-2) 4.31 (-2) 29.98 (-2) 27.06 (-1) 48.46 (-3) -0.44 0.44 -1.7 1.7
vdW-DFc 13.91 (-1) 8.04 (-3) 4.40 (0) 29.80 (-3) 26.94 (-2) 48.53 (-3) -0.49 0.49 -1.9 1.9
SCAN+rVV10a 14.04 (0) 8.11 (-3) 4.76 (8) 30.60 (0) 27.61 (1) 50.12 (1) 0.11 0.18 1.2 2.0
revPBE-D3(BJ)c 13.51 (-3) 8.18 (-2) 4.79 (9) 30.52 (0) 27.90 (2) 49.63 (0) -0.00 0.28 0.8 2.6
rVV10c 13.52 (-3) 8.43 (1) 4.80 (9) 30.87 (1) 28.31 (3) 49.83 (0) 0.20 0.35 1.8 2.9
optB88-vdWc 14.11 (1) 8.49 (2) 4.85 (10) 30.94 (1) 28.37 (3) 50.43 (1) 0.43 0.43 3.1 3.1
vdW-DF-cxc 14.11 (1) 8.46 (2) 4.96 (13) 31.05 (2) 28.56 (4) 50.83 (2) 0.57 0.57 3.8 3.8
rev-vdW-DF2c 14.15 (1) 8.56 (3) 4.92 (12) 31.35 (3) 28.82 (5) 51.11 (3) 0.72 0.72 4.3 4.3
PBE-D3(BJ)c 13.63 (-3) 8.52 (2) 5.01 (14) 31.36 (3) 28.93 (5) 50.85 (2) 0.62 0.74 3.9 4.7
PBE+rVV10Lc 13.61 (-3) 8.53 (2) 5.02 (14) 31.36 (3) 28.95 (5) 50.84 (2) 0.62 0.75 3.9 4.8
optB86b-vdWa 14.06 (1) 8.68 (4) 5.11 (16) 31.11 (2) 28.92 (5) 50.79 (2) 0.68 0.68 4.9 4.9
C09-vdWc 14.18 (1) 8.62 (3) 5.07 (15) 31.53 (3) 29.10 (6) 51.56 (3) 0.91 0.91 5.4 5.4
PBEsol+rVV10sc 14.06 (1) 8.92 (7) 5.39 (22) 32.59 (7) 30.36 (11) 53.01 (6) 1.62 1.62 8.9 8.9
Reference 13.98 8.33 4.41 30.56 27.46 49.83
a Calculated with VASP.
b Calculated with deMon non-self-consistently using PBE orbitals/density.
c Calculated with CP2K.
ally, results on a small set of molecules were also shown.
Our results are summarized in Fig. 6. For the
strongly bound solids, the functionals that were consid-
ered as giving satisfying results for all properties (lat-
tice constant, bulk modulus, and cohesive energy) are
the MGGA SCAN and the NL-vdW SCAN+rVV10,
PBE+rVV10L, optB86b-vdW, rev-vdW-DF2, and vdW-
DF-cx. The atom-pairwise methods PBE-D3(BJ) and
revPBE-D3(BJ) are also quite accurate.
In the case of the rare-gas solids, rev-vdW-DF2 and
and PBE-D3(BJ) are the most accurate overall (lattice
constant and cohesive energy). The results on the hexag-
onal layered solids have shown that only three function-
als provide reasonably small errors for all properties (in-
tralayer and interlayer lattice constants and interlayer
binding energy) and for most solids: PBE+rVV10L,
SCAN+rVV10, and rev-vdW-DF2, however, none of
them is clearly superior to the two others. Finally, for
the molecular solids, rev-vdW-DF2 and revPBE-D3(BJ)
lead overall to the smallest errors for the lattice constant
and cohesive energy.
From this summary the conclusion is the following.
rev-vdW-DF2 is among the most accurate methods for
all three classes of weakly bound solids and is therefore
a recommended functional for treating weak interactions
in solids. Remarkably, rev-vdW-DF2 leads to no single
catastrophic results, at least not in our test set of systems
with weak interactions. rev-vdW-DF2 does not belong
to the list of the top-performing functionals for strongly
bound interactions, however the results are actually rel-
atively fair overall: although not among the best for the
lattice constant it is still better than PBE, and excel-
lent for the cohesive energy. Thus, overall rev-vdW-DF2
seems to be a very good compromise for solid-state cal-
culations and, furthermore, it is not based on a MGGA
functional but on a GGA, which leads to practical ad-
vantages. MGGA functionals lead to more expensive
calculations55,135 and may require denser grids for inte-
grations as observed for SCAN.118,136 However, the ad-
vantage of MGGA functionals is to be generally more ac-
curate as shown again in the present work for molecules.
It is worth to mention that very recently, Fischer et al.137
showed that rev-vdW-DF2 is one of the most accurate
functionals (among fourteen dispersion-corrected ones)
for the structural and energetic properties of a set of six-
teen SiO2 and AlPO4 frameworks. Thus, this consoli-
dates the conclusion of the present work.
We finish by mentioning that the recently proposed
PBEsol+rVV10s functional shows mixed performances.
While it is one of the most accurate for the lattice con-
stant of weakly bound solids [see Fig. 6(b)], it is not
recommended for the cohesive energy of strongly bound
and molecular solids.
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FIG. 6. MARE for lattice constant versus MARE for bind-
ing energy for (a) the 44 strongly bound solids and (b)
the 17 weakly bound solids [(a0,Ecoh) of the rare-gas solids,
(a0,Elatt) of the molecular solids, and (c0,Eb) of the layered
solids].
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